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Abstract
It is now accepted that the visual system integrates local orientation information across space to deﬁne spatial contours [Vision
Research 33 (1993) 173]. More recently, it has been shown that similar integration occurs for the direction of local motion signals, in
diﬀerent parts of the visual ﬁeld, if they are aligned along the axis of a spatial contour [Vision Research 42 (2002) 653]. Here we ask
whether similar spatial-linking rules hold for contours comprised of local elements that share only a common speed (but not di-
rection), in the presence of background elements which collectively have the same mean speed as the contour but considerable
random variation in the speeds of the individual elements. Furthermore we investigate the detection of spatial contours that are
deﬁned by a common speed that is diﬀerent (both locally and globally) from that of the background elements. The results show that
there is a signiﬁcant, albeit relatively weak, speed-association ﬁeld with preferential linking between spatially proximal elements that
have similar speeds. Although a salient speed diﬀerence between the contour and the background elements enhances detection
performance for motion-deﬁned contours, it does so primarily via a diﬀerent route to that of direction linking. We suggest that for
motion-deﬁned contours the Gestalt notions of ‘‘common fate’’ and ‘‘good continuity’’, that describe the parsing of local velocity
information into objects, boundaries and contours, are mediated via separate underlying perceptual mechanisms.
 2003 Published by Elsevier Science Ltd.
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1. Introduction
Our knowledge of the tuning properties of single cells
in the striate cortex has been of only limited use in
predicting visual performance on anything other than
the simple detection of spatially restricted targets. We
lack an understanding of how the information contained
in the ﬁring rate of individual neurons is used to encode
visual stimuli that are spatially complex and extensive.
One attempt to investigate these rules comes from
studies of how local orientation information is inte-
grated across diﬀerent parts of the visual ﬁeld to deﬁne
extended contours of arbitrary shape (for reviews see
Field, Hayes, & Hess, 1993; Hess & Field, 1999; Kovacs,
1996). On the basis of this approach it was proposed
that there are rules for combining the output of neurons
with diﬀerent orientation preferences in diﬀerent spa-
tial locations to deﬁne simple elongated contours. Spe-
ciﬁcally, neurons with similar orientation preferences
are strongly linked if they analyze adjacent parts of
the visual ﬁeld whereas those with orthogonal orienta-
tion preferences are only weakly linked. The anatomical
substrate of this linking may be encapsulated in the
horizontal connections that extend between cells in dif-
ferent orientation columns in striate cortex. These are
much longer between cells of similar orientation than
those between cells of orthogonal orientation (Bosking,
Zhang, Schoﬁeld, & Fitzpatrick, 1997; Gilbert & Wiesel,
1979; Malach, Amir, Harel, & Grinvald, 1993; Rock-
land & Lund, 1982).
More recently this approach has been extended to
the domain of motion. Using a temporal recruitment
paradigm, Watamaniuk, McKee, and Grzywacz (1994)
showed that the detectability of an element undergoing
an extended sequential trajectory is more easily detected
than would be expected on the basis of the individual
spatial jumps making up that trajectory. Moreover the
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shape of the trajectory is important (Verghese, McKee,
& Grzywacz, 2000)––local motions are more detect-
able if they all lie along a common axis than if they
do not. This work highlights the importance of tempo-
ral integration for encoding extended motion trajecto-
ries.
Another approach has involved the detection of
elongated contours composed of one-dimensional (1-D)
moving elements within stationary apertures (Bex,
Simmers, & Dakin, 2001). The detectability of such
orientation-deﬁned contours is enhanced by the intro-
duction of either counterphase ﬂicker or drift and is
largely invariant with respect to the temporal frequency
range used. The ﬁnding that the most detectable con-
tours were those for which the local element orientations
were aligned along its axis (‘‘snakes’’ as opposed to
‘‘ladders’’), so that the motion directions were orthog-
onal to the contour, suggests that in this paradigm
spatial-linking dominates over any linking based on
motion cues per se.
In a study of the spatial characteristics of motion
integration Ledgeway and Hess (2002) showed that local
direction signals distributed across space (each was
presented within the conﬁnes of a stationary spatial
aperture) can also be used to disambiguate the presence
of spatial contours, in a similar fashion to that shown
previously for orientation. This is compatible with the
existence of a facilitatory relationship between motion-
sensitive neurons that tile adjacent regions of visual
space and have similar preferred directions of motion.
That is there is an association of preferred direction and
spatial location that is specialized for encoding move-
ment along simple curved contours. Thus one might
expect to ﬁnd similar lateral connections between cells
with similar preferred motion direction in the visual
cortex. Indeed there is evidence that neurons in the vi-
sual cortex of primates are not only tuned for motion
direction, but also image speed (Maunsell & Van Essen,
1983; Perrone & Thiele, 2001). Consequently we won-
dered if it was possible to ﬁnd evidence for an analogous
linking process between neurons with similar speed
preferences. Furthermore we sought to investigate if
local speed and direction (i.e. velocity) information in-
teract in the detection of motion-deﬁned contours. Ge-
stalt psychologists in the early part of the 20th century
proposed two important principles for feature extrac-
tion, namely common fate and good continuity (Koﬀka,
1935). A good example of the former is a contour de-
ﬁned by either a common speed and/or a common di-
rection of the local elements that comprise it. The latter
is best exempliﬁed by a contour deﬁned by the alignment
of local motion directions in a consistent direction
(Ledgeway & Hess, 2002). More generally, our objective
was to determine whether these two guiding Gestalt
principles are subserved by a common mechanism or by
two diﬀerent mechanisms.
We applied a similar approach to that previously
used by Field et al. (1993) for spatial vision, Bex et al.
(2001) and Ledgeway and Hess (2002) for motion per-
ception. Stimuli consisted of a dense spatial array of
static apertures, each containing a patch of moving 2-D
spatial noise (so that there were no explicit orientation
cues that could be used to perform the task). Using a
two-alternative-forced-choice (2AFC) detection para-
digm observers were asked to choose which of two
motion sequences contained a motion-deﬁned contour
embedded in a random ﬁeld of motion noise. The other
interval always contained the same local motion signals
but these were not arranged along a spatial contour
(see Fig. 1). By ensuring that there were no density (local
or global) cues between these two presentations and no
net global-motion cues, we were able to isolate the
processes by which extended contours deﬁned purely
by local motion signals are extracted by the visual sys-
tem. To anticipate the results, we ﬁnd evidence for a
speed-based association ﬁeld although it is weak com-
pared with the direction-based association ﬁeld that we
have previous described (Ledgeway & Hess, 2002). An
altogether diﬀerent inﬂuence that speed can exert is
when contours are deﬁned solely by a speed diﬀerence
between the contour elements and the background ele-
ments. In this case we ﬁnd evidence that detection is
primarily mediated by a generalized image segmentation
process (i.e. not speciﬁc to contours). This diﬀers from
the more specialized contour extraction mechanism iden-
tiﬁed previously, which is insensitive to the speeds of
local image motions and operates when local direction
signals are aligned along the axis of a 2-D spatial con-
tour.
2. General methods
2.1. Observers
The authors (TL and RFH) served as observers in the
experiments and each had normal or corrected-to-nor-
mal acuity.
2.2. Apparatus and stimuli
Stimuli were computer generated and presented on a
carefully gamma-corrected monitor with a mean lumi-
nance of 50 cdm2 and a refresh rate of 75 Hz. Stimuli
were time-locked to the monitor refresh rate. All stimuli
were viewed binocularly and presented within a square
window at the centre of the display that subtended 16.9
both horizontally and vertically at the viewing distance
of 0.74 m. At this viewing distance each screen pixel
subtended 1:6 1:60. The remainder of the display area
was homogenous and had a luminance of 50 cdm2.
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Motion stimuli were composed of multiple, non-
overlapping micropattern elements analogous to those
used previously to assess contour integration based on
the linking of local spatially distributed direction signals
(e.g. Ledgeway & Hess, 2002). Micropatterns were
constructed such that there were no explicit local ori-
entation cues and contours were deﬁned instead solely
on the basis of the local speed and/or direction signals
present, within each micropattern, along the contours
length. Each micropattern was composed of a patch of
isotropic, spatially 2-dimensional (2-D) random noise
(each square noise element subtended 3:2 3:20) that
was presented within a smooth, 2-D, stationary Gauss-
ian spatial window (standard deviation 0.13, truncated
at 0.4). The Michelson contrast of the noise, prior to
Gaussian spatial windowing, was 0.5 (unless stated
otherwise). The presence of the Gaussian window en-
tailed that each patch of noise was represented with 8-bit
luminance resolution. The noise within each micropat-
tern could be made to drift smoothly in any desired
direction, spanning the 360 range, and at any drift
speed. To achieve accurate control of drift speed and
direction of motion standard bilinear interpolation
techniques were used to obtain sub-pixel shifts (without
this technique the need to move the noise by an integer
number of pixels in the vertical and horizontal directions
would result in minor variations in speed that covary
with the direction of motion).
2.3. Procedure
The contour integration task and the procedure em-
ployed were analogous to those used previously by
Ledgeway and Hess (2002). Speciﬁcally using a standard
two interval, 2AFC task observers were asked to choose
which interval contained the elongated contour (path).
One interval chosen at random on each trial (duration
507 ms) contained 158 micropatterns of random posi-
tion and direction (‘‘background’’ micropatterns) and in
the other interval (‘‘path plus background’’) eight of the
background micropatterns were constrained to lie along
the invisible backbone an elongated contour that was
constrained to pass through a central circular region of
the display area of radius 0.8. The two intervals were
separated by an homogenous blank ﬁeld of mean lu-
minance 50 cdm2 and duration 0.75 s. The speeds and
directions of motion of the individual micropatterns
making up the contour could be varied independently of
those of the background elements. There were no local
element density diﬀerences between the two intervals
and importantly each interval contained exactly the
same number and range of micropattern directions and
speeds. Performance was measured for motion-deﬁned
contours of varying straightness (with a range of 5
path angle; where a path angle of 0 indicates a straight
path and a path angle of 120, for example, indicates a
highly curved path). Each run consisted of 100 trials and
both observers completed at least two runs of trials for
each condition tested. Trials were self paced and the
order in which the runs were completed was randomized
for each observer.
Fig. 1. Illustration of one of the motion-deﬁned, spatial contours used
in the experiments. In (A), a contour and the motion directions of its
constituent micropattern elements are displayed embedded in back-
ground elements having random directions: in this example the con-
tour is deﬁned by motions that are aligned along its axis in a consistent
direction. However both the speeds and the directions of motion of the
individual micropatterns making up the contour could be varied in-
dependently of those of the background elements. The normally in-
visible backbone on which the motion-deﬁned path is constructed is
displayed for illustrative purposes only. In (B), just background ele-
ments are displayed whose motion directions are random. In the ex-
periments, each aperture is stationary and contained a patch of noise in
motion. The observers indicate which of two intervals (e.g. A or B)
contains a motion-deﬁned contour.
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3. Results
In order to test whether the visual system preferen-
tially integrates similar speed signals in adjacent parts of
the visual ﬁeld, as it does for orientation (Field et al.,
1993), stereo (Hess, Hayes, & Kingdom, 1997) and di-
rection of motion signals (Ledgeway & Hess, 2002), we
initially measured the ability to detect straight (0 path
angle), motion-deﬁned contours. If there is a speed-
based association ﬁeld straight contours should be most
detectable when the speed diﬀerences along the path are
small but not large. Each and every micropattern ele-
ment in the display (i.e. those comprising the contour
and the background) had an independently randomized
motion direction spanning the 360 range. Each of the
background elements had a random drift speed in the
range 0–4 s1, but as a population their overall mean
speed was centered on 2 s1. The mean speed of the
contour elements matched that of the background
(2 s1), but the range of speeds (degree of speed jitter)
was systematically varied from 0 to 2 s1. The ratio-
nale for this experiment is analogous to previous ori-
entation-linking experiments, where the probability of a
false match between a contour element and the back-
ground increases with path angle or equivalently the
orientation diﬀerence between adjacent elements along
the path (or in this case the speed diﬀerence between
adjacent contour elements). In this context the contours
deﬁned by any underlying linking operation are not
spatially-deﬁned but deﬁned by a common speed.
The results, which are displayed in Fig. 2 for two
observers, show that there is indeed signiﬁcant linking
between similar speed signals in diﬀerent parts of the
ﬁeld. The eﬀect for contour elements of identical speed
(analogous to a straight, orientation-deﬁned, spatial
contour) is, however, at best weak and performance
does not exceed 70% correct. Detection falls to chance
levels (50% correct) when the degree of speed jitter be-
tween adjacent contour elements is the same (i.e.
2 s1) as that of the background (analogous to a very
curved spatial contour in say the orientation domain).
This was conﬁrmed statistically using the binomial Z-
ratio (binomial approximation to the normal distribu-
tion) which indicated that with a total of 200 trials per
condition tested, performance levels falling between
57.5% and 42.5% correct are not signiﬁcantly diﬀerent
from chance at the 0.05 probability level (2-tailed).
Next, we investigated what inﬂuence a diﬀerence in
drift speed between the contour and background mi-
cropattern elements has on the detectability of spatial
contours of diﬀerent curvature and in particular how
both direction and speed of motion interact to disam-
biguate spatial form. To obtain baseline measures of
performance we ﬁrst measured the detection of contours
(or paths) of diﬀerent curvature where the speeds of all
the micropattern elements were the same (2 s1 corre-
sponding to a ratio of 1 between the path element speed
and the background element speed). To evaluate if local
diﬀerences in speed can augment the detectability of
extended spatial contours we then measured perfor-
mance when the speeds of all the elements comprising
the path were the same (2.8 s1 for TL and 4 s1 for
RFH) but diﬀerent from those of all the background
elements (2 s1). That is the ratio of the speeds of the
path elements to those of the background elements was
(A)
(B)
Fig. 2. The detectability of straight (0 path angle) contours deﬁned by
speed when the directions of all of the local motion signals comprising
the contour and the background are individually randomized over a
range spanning 360. Results are compared for two observers (RFH in
A and TL in B) for the case where there is a controlled speed diﬀerence
(ranging from 0 to 2 s1) between adjacent contour elements em-
bedded in background elements of random speed. The mean speed of
the contour and the background elements was the same (2 s1). When
the speeds of adjacent elements are identical or only slightly diﬀerent,
performance is signiﬁcantly above chance. The vertical bars above and
below each data point indicate 1 SEM. based on variability between
runs of trials.
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constant and equal to either 1.4 (TL) or 2 (RFH). These
values were chosen, on the basis of pilot trials, to ensure
that the speed diﬀerence was readily discernible for each
observer but was not so high that it produced ceiling
eﬀects for the range of conditions tested. Performance
was measured under two diﬀerent conditions. In the ﬁrst
condition (denoted by ‘‘ALIGNED’’ in Fig. 3A and B)
the motion directions of the individual path elements
were constrained to lie along the axis of the contour
whilst each of the background elements had an inde-
pendently randomized motion direction. In the second
condition (‘‘STATIC’’ in Fig. 3A and B) all of the ele-
ments (contour and background) were stationary, as a
control to verify that there were no spatial density dif-
ferences between the two presentation intervals indi-
cating the contours presence or absence.
The results, shown for two observers in Fig. 3, dem-
onstrate that the detectability of motion-deﬁned con-
tours is indeed enhanced when there is a clear speed
diﬀerence between the elements deﬁning the contour and
those of the background. However, the improvement
conveyed by the speed diﬀerence varies little with con-
tour curvature (expressed as path angle in the ﬁgure)
and appears to be approximately uniform in that per-
formance is better at all curvatures tested, compared
with when all the element speeds were the same (rspeed ¼
1). Furthermore for both observers performance was
at chance levels (50% correct) when the micropattern
elements did not contain any motion information (shown
by the unﬁlled triangle). This eliminates the possibility
that observers were utilizing any extraneous spatial den-
sity cues to perform the task and conﬁrms that perfor-
mance was based solely on the conﬁguration of the local
motion signals present.
That the enhancement in contour detection, found
when there is a speed diﬀerence between the path and
background micropattern elements, does not depend on
spatial layout is readily evident when each and every
element present (i.e. those comprising the contour and
the background) has an independently randomized
motion direction. This represents the case of a purely
speed-deﬁned motion contour (a speed ratio of 1.4 be-
tween the path and background for TL and 2 for
RFH––the background elements had an absolute speed
of 2 s1). These results (denoted by ‘‘RANDOM’’ in
Fig. 4A and B) are compared with the situation where
all of the elements have exactly the same direction of
motion and this is randomized from trial to trial
(‘‘SAME’’ in Fig. 4A and B). The latter case is another
example in which the contour is deﬁned solely in terms
of a speed diﬀerence with respect to the background.
That is, there is no explicit directional information that
could be used to disambiguate the contour as all patches
of noise contain motion drifting coherently in a single,
common direction. When the motion directions of all
micropattern elements are random, introducing a speed
diﬀerence between the contour and background pro-
duces performance that is much better than chance
(70–85% correct) and independent of contour shape.
Similarly when all the elements have the same direction,
detection is close to 100% correct for both observers at
all curvatures tested. This latter result is interesting in
that it implies that the mechanism that mediates contour
extraction on the basis of speed, operates most eﬃca-
ciously when local motion signals with a common speed
(A)
(B)
Fig. 3. The detectability of motion-deﬁned spatial contours (paths)
when the directions of all the local motion signals comprising the
contour are aligned along the contour and the background element
directions are individually randomized over a range spanning 360.
Results are compared for two observers (RFH in A and TL in B) for
the case where there is no speed diﬀerence between the motion signals
comprising the contour and those of the background (ﬁlled squares)
and when there is a speed diﬀerence (unﬁlled squares). The speed ratios
ðrspeedÞ are given next to the descriptions of the symbols within each
plot. The unﬁlled triangle represents performance for a control con-
dition, in which a static version of the stimulus was displayed, to
demonstrate that the stimuli did not contain any contaminating spatial
cues to the contours presence or absence. The vertical bars above and
below each data point indicate 1 SEM based on variability between
runs of trials.
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also have a common direction (cf. the 0 path angle
condition in Fig. 3 with the present results). This in turn
suggests that speed segmentation may exhibit some de-
gree of direction tuning, despite the fact that the spatial
layout (i.e. relative to the contours axis) of the speed
signals is relatively unimportant unlike that for motion
direction (Ledgeway & Hess, 2002) or orientation (Field
et al., 1993).
The advantage conferred by a speed diﬀerence be-
tween the contour and the background micropattern
elements varies, as one would expect, with the absolute
magnitude of that speed diﬀerence. The absolute speed
tuning of this eﬀect is seen in Fig. 5A and B for ob-
servers RFH and TL, respectively. The contour used in
this case is a curved one (40 path angle) and the di-
rections of the contour elements are aligned along the
contour (each of the background elements had a ran-
dom motion direction). The speed ratio between the
contour and background elements was varied and the
(A)
(B)
Fig. 4. The detectability of purely speed-deﬁned motion contours for
two observers (RFH in A and TL in B). There is no explicit directional
information that could be used to disambiguate the presence of the
contours. Each and every micropattern element present (i.e. those
comprising the contour and the background) has either an indepen-
dently randomized motion direction (ﬁlled squares) or exactly the same
direction of motion and this is randomized from trial to trial (unﬁlled
squares). The speed ratios (rspeed) are given next to the descriptions of
the symbols within each plot. The vertical bars above and below each
data point indicate1 SEM based on variability between runs of trials.
(B)
(A)
Fig. 5. The detectability of motion-deﬁned contours as a function of
the speed ratio between the local motions deﬁning the contour and
those of the background. In all cases, the local directions of the con-
tour elements are aligned along a curved (40 path angle) contour and
each of the background elements has a random motion direction.
Results are shown separately for two observers(RFH in A and TL in
B). For speed ratios >1 the speed of all of the background elements is
ﬁxed at 2 s1 and is always less than the speed of the contour elements.
For ratios <1 the converse is true. A speed ratio equal to 1 indicates
that all the micropattern elements contained noise moving at the same
speed of 2 s1. The ﬁlled squares represent the case where the indi-
vidual contrasts of all elements are randomized in the range 0.25–0.75,
to control for any perceived contrast changes as a result of the speed
diﬀerence. These results are identical to those (unﬁlled squares) using
elements of the same ﬁxed contrast (0.5) suggesting that performance is
based on speed diﬀerences and not diﬀerences in perceived contrast.
The vertical bars above and below each data point indicate 1 SEM
based on variability between runs of trials.
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contrast of all elements was ﬁxed at 0.5 (denoted by
‘‘FIXED CONTRAST’’ in Fig. 5A and B). For speed
ratios >1 the speed of all of the background elements
was ﬁxed at 2 s1 and was always less than the speed of
the contour elements. For ratios <1 the converse was
true. When the speed ratio was equal to 1 all micro-
pattern elements contained noise moving at the same
speed of 2 s1. Performance ceiling eﬀects (100%
correct detection) are present for speed ratios of 0.5 and
2.0 for RFH and 0.71 and 1.4 for TL. Even the speed
ratios of 0.71 and 1.4 used for observer TL represent
many multiples (5) of previously reported just-notice-
able-diﬀerences (JNDs) for speed discrimination using
individual elements (Masson, Mestre, & Stone, 1999).
To ensure that the tuning observed in Fig. 5 was due
to the speed diﬀerence per se between contour and
background elements and not perceived contrast re-
sulting from the speed diﬀerence, we reassessed the
inﬂuence of speed but this time the contrast of all ele-
ments was randomly jittered over a wide range span-
ning 0.25–0.75. These results (denoted by ‘‘JITTERED
CONTRAST’’ in Fig. 5A and B) show an identical de-
pendence on the speed ratio as those found when ele-
ments of ﬁxed contrast were used, suggesting that the
tuning is to speed and not perceived contrast.
Fig. 6A and B shows the relative speed tuning of the
direction-linked contour detectability for the two ob-
servers. Stimuli were composed of two spatially inter-
mingled populations of micropattern elements (spatially
adjacent contour and background elements were drawn
from diﬀerent populations) with diﬀerent speeds. For
one of the populations, chosen at random on each trial,
the drift speed of the noise within each micropattern was
always 2 s1 and for the other population it was either
equal to or exceeded this speed. Thus there was no mean
speed diﬀerence between the elements comprising the
contour and those comprising the background. The
contour used was straight (0 path angle), the directions
of the paths elements were aligned along the contour
and those of the individual background elements were
random. The ratio of the speeds of alternate elements,
both along the contour and in the background, was
varied. Surprisingly, for both observers there is virtually
no tuning for relative speed, and performance is com-
parable (close to 90% correct) at all speed ratios tested.
This suggests that the mechanism responsible for linking
adjacent local directions along a spatial contour, is in-
sensitive to diﬀerences in the speeds of the individual
elements comprising that contour. A similar insensitivity
to temporal frequency has been shown to occur for
orientationally-deﬁned moving 1-D contours (Bex et al.,
2001).
Except under very certain specialized circumstances
(e.g. Fig. 2), local speed information, by itself, is not
simply integrated across space in the same manner as
has been shown for local direction signals (Ledgeway &
Hess, 2002). However, there still remains the issue of
whether speed diﬀerences per se enhance the detect-
ability of direction-deﬁned contours. The results shown
in Fig. 3 clearly suggest that it does; performance is best
when the elements deﬁning a contour move at a diﬀerent
speed to those of the background and when the local
directions are aligned along the contours axis.
(B)
(A)
Fig. 6. The detectability of motion-deﬁned paths composed of two
spatially intermingled populations of micropattern elements (spatially
adjacent contour elements and background elements were drawn from
diﬀerent populations) with diﬀerent speeds. For one of the popula-
tions, chosen at random on each trial, the drift speed of the noise
within each micropattern was always 2 s1 and for the other popu-
lation it was either equal to or greater than this speed (the ratio of the
two speeds is indicated on the abscissae). Consequently there is no
diﬀerence in mean speed between the elements comprising the contour
and those comprising the background. The contour was straight (0
path angle), the directions of the paths elements were aligned along the
contour and those of the individual background elements were ran-
dom. Results are shown separately for two observers (RFH in A and
TL in B) and the vertical bars above and below each data point in-
dicate 1 SEM based on variability between runs of trials.
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Another method that can be used to address this issue
is to vary systematically the directions of alternate mi-
cropattern elements that form a spatial contour, that
diﬀers from its background in terms of its speed, and
measure detection performance. Fig. 7A and B shows
the results of such an experiment for two observers using
straight contours composed of elements that had a
greater speed than those comprising the background
(2 s1). The direction diﬀerence between alternate con-
tour elements was varied. At one extreme they were
consistent and aligned in the same direction along the
contour (0 directional diﬀerence), whereas at the other
extreme, they were moving in opposite directions along
the contour (180 directional diﬀerence). All of the
background elements had independently randomized
directions of motion. The results indicate that for a gi-
ven speed diﬀerence between the contour and back-
ground, the detectability of that contour depends on
whether the individual motion directions are aligned
with the contour or not. If alternate contour elements
are not adequately aligned (e.g. 120 directional diﬀer-
ence) along the contour that they represent, perfor-
mance is comparable to the case when the individual
motion directions are simply randomized (ﬁlled symbols
in Fig. 7). Introducing a larger speed diﬀerence between
the contour and background elements simply shifts this
function vertically for both observers.
This suggests that both speed cues and direction cues
interact to determine the eﬃcacy with which contours
deﬁned by local motions can be extracted. Speed dif-
ferences enhance the detectability of contours that con-
tain aligned direction signals and conversely the degree
of alignment of direction signals inﬂuences the detect-
ability of contours that diﬀer from their surroundings
in terms of speed. However local speed signals in isola-
tion, unlike local direction signals, are immune to the
spatial conﬁgurations of the contours on which they lie
and as such are likely to be encoded by a more gener-
alized segmentation process. This process may serve to
segregate regions of the image that diﬀer from each
other in terms of their local speeds and thus are likely to
belong to diﬀerent objects in the world.
As a direct test of the above segmentation hypothesis
we repeated the speedtuning experiment (see Fig. 5), but
instead of detecting an elongated spatial contour com-
posed of eight elements with a diﬀerent speed to the
background, observers were required to detect a random
cluster (grouping) of eight elements with the same mean
element spacing as that previously used for the contour.
This was achieved by initially positioning a single ele-
ment randomly within a central circular region of the
display area of radius 0.8 and then plotting each of the
remaining seven elements in random locations centred
on the ﬁrst elements position, to form a cluster with a
stochastic spatial conﬁguration on each trial. We en-
sured that the mean separation between adjacent ele-
ments forming the cluster was identical to that used for
the background elements, so that there were no spatial
density cues that could be used to detect its presence.
The directions of motion of all of the elements in the
display were independently randomized on each pre-
sentation. The results which are displayed in Fig. 8 (de-
noted by ‘‘SPEED SEGMENTATION’’ and the unﬁlled
squares) for two subjects are compared to those previ-
ously found for the contour stimulus (denoted by ‘‘CON-
TOUR DETECTION’’ and the dashed lines). There is
good agreement between the two sets of results except
(B)
(A)
Fig. 7. The detectability of motion-deﬁned, straight contours (0 path
angle) as a function of the directional diﬀerence between alternate
micropattern elements along the axis of the contour. At one extreme
they are consistent and aligned in the same direction along the contour
(0 directional diﬀerence),whereas at the other extreme they were
moving in opposite directions along the contour (180 directional
diﬀerence). The background elements have random directions of mo-
tion. The elements comprising the contours have a higher speed than
those comprising the background (2 s1) and the speed ratios (rspeed)
are given next to the descriptions of the symbols within each plot. The
ﬁlled symbols represent performance for a control condition, in which
each and every micropattern element (i.e. those comprising the contour
and the background) has an independently randomized motion di-
rection. Results are shown for two observers (RFH in A and TL in B)
and the vertical bars above and below each data point indicate 1
SEM based on variability between runs of trials.
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when the speeds of all elements are equal (speed ratio of
1). Under these conditions a general image segmentation
mechanism utilizing speed diﬀerences would be unable
to detect the random cluster of target elements, as their
directions of motion are randomized like those of the
background elements. However in the case of the spatial
contour the directions are aligned along the contour
resulting in performance that is much better than chance
even when there is no speed diﬀerence with respect to the
background. This is consistent with the notion that, with
the exception of the data shown in Fig. 2, the speed
eﬀects reported in the current manuscript are due pri-
marily to a generalized, motion-parallax type, image
segmentation mechanism rather than one specialized for
contour extraction.
4. Discussion
The principal aim of the present study was to address
the issue of whether or not the visual system utilizes the
same specialized form of spatial integration to extract
contours deﬁned by speed, as it does to extract contours
deﬁned by motion direction. The answer is yes but not
exclusively. The visual system exhibits some degree of
preferential linking for similar speeds and the principle
of an ‘‘association ﬁeld’’ could be extended to encom-
pass speed, direction and orientation. However linking
based purely on speed is much weaker than it is for both
direction (Ledgeway & Hess, 2002) and orientation
(Field et al., 1993). Indeed although speed diﬀerences in
an image can also inﬂuence the ability to detect spatial
contours and other spatial forms, speed diﬀerences per
se are likely to be mediated by a general segmentation
mechanism utilizing simpler principles than those used
for detecting or disambiguating 2-D spatial contours
based on either direction or orientation cues alone. This
is evidenced by the ﬁnding that the detection of speed-
deﬁned paths does not depend on the curvature of the
contour to be detected and is still eﬀective even under
conditions where directional-linking has been rendered
ineﬀective (e.g. see Fig. 4 where the motion directions
are either all random or all the same). This is not meant
to imply, however, that a general speed-based image
segmentation mechanism necessarily operates without
any form of spatial constraints. It could for example
operate over a limited spatial extent (e.g. Williams &
Brannan, 1994).
Local image speed provides a powerful cue for image
segmentation. It allows objects to be grouped and dif-
ferentiated on the basis of their relative motion. Gestalt
psychologists referred to this as the law of shared com-
mon fate (Koﬀka, 1935). This is evident by the enhanced
detection of contours deﬁned by elements whose speeds
diﬀer from those of the background elements. The speed
diﬀerences we used are many times greater than the
image segmentation thresholds obtained previously un-
der comparable conditions (Masson et al., 1999). In
isolation, this speed-based mechanism improves per-
formance most probably via image segmentation pro-
cesses, without recourse to the more specialized contour
integration rules (Fig. 8) that we have identiﬁed previ-
ously (Ledgeway & Hess, 2002). However, the results
shown in Fig. 3 do suggest that speed segmentation
may exhibit some degree of direction tuning, in that
(A)
(B)
Fig. 8. The detectability of a random cluster (grouping) of spatially
proximal elements within the image as a function of the speed ratio
between the local motions deﬁning the cluster and those of the back-
ground. In all cases, the elements (0.5 contrast and random directions)
deﬁning the cluster have the same mean spacing (spatial separation) as
those previously used for the 1-D, elongated, contour stimuli of Fig. 5.
Results are shown separately for two observers (RFH in A and TL in
B) with unﬁlled squares and compared with those (dashed lines)ob-
tained previously under the same conditions but using contours in
which the motion directions were aligned along its axis (data re-plotted
from Fig. 5). The vertical bars above and below each data point in-
dicate 1 SEM based on variability between runs.
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performance was enhanced when all the individual
motion directions (contour and background) were the
same, rather than random. This in turn suggests that
segmentation operates most eﬀectively on the motion
vector of velocity, rather than simply on the motion
scalar of speed.
On the other hand, the mechanism underlying the
detection of spatial contours through the linking of the
directions of local motion signals is insensitive to speed
diﬀerences. The results shown in Fig. 6 demonstrate that
the direction of alternate elements can be just as eﬀec-
tively linked whether they be of the same or diﬀerent
speeds. This suggests that the processes that serve to link
direction signals across space, to deﬁne arbitrary 2-D
spatial contours, pool direction information irrespective
of the speeds of the local motion signals present. A
similar speed insensitivity has been demonstrated for
orientation-deﬁned contours (Bex et al., 2001).
In summary, the present study, therefore, argues for
the existence of two separate visual processes to explain
the enhanced performance when motion-deﬁned con-
tours involve both good continuity of local direction
signals and shared common fate where all local motions
comprising the contour are of a similar speed. The for-
mer reﬂects a specialized contour extraction mechanism
that integrates local direction signals regardless of their
individual speeds, but is critically sensitive to their 2-D
spatial layout. The latter reﬂects a more generalized
image segmentation process utilizing the shared com-
mon speed of local motion signals, but not their 2-D
spatial layout. Additionally, we show that, under certain
specialized conditions, the visual system can link the
speeds of adjacent local motion signals together in a way
that is analogous to (but less eﬀective than) that shown
previously for orientation (Field et al., 1993), stereo
(Hess et al., 1997) and motion direction (Ledgeway &
Hess, 2002).
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